This paper demonstrates that silicon can be locally doped with aluminium to form localised p + surface regions by laser-doping through anodic aluminium oxide (AAO) layers formed on the silicon surface. The resulting p + regions can extend more than 10 m into the silicon and the electrically active p-type dopant concentration exceeds 10 20 cm −3 for the first 6-7 m of the formed p + region. Anodic aluminium oxide layers can be doped with other impurities, such as boron and phosphorus, by anodising in electrolytes containing the extrinsic impurities in ionic form. The ions become trapped in the formed anodic oxide during anodisation, therefore enabling the impurity to be introduced into the silicon, with aluminium, during laser-doping. This codoping process can be used to create very heavily doped surface layers which can reduce contact resistance on metallisation, whilst the deeper doping achieved by the intrinsic aluminium may act to shield the surface from minority carriers. laser-doping through AAO layers can be performed without introducing any voids in the silicon or fumes which may be harmful to human health.
Introduction
Laser-doping is a process of incorporating dopants into a semiconductor by using a laser to scribe through a layer that contains a dopant source. Introduction of p-type dopants by laser-doping of silicon can be used to form p + silicon surface regions which can act as local emitter regions for n-type solar cells or reduce both the contact resistance at the metal/silicon interface and the dark saturation current density by shielding the minority carriers from the high surface recombination velocity at the silicon interface of p-type solar cells [1, 2] . An approach that has been reported by many is to form aluminium-alloyed local back surface field (BSF) regions by firing screen printed aluminium paste through openings by either laser ablation or laser-doping in a rear dielectric layer [3] [4] [5] [6] . This process can therefore potentially eliminate the multiple steps required in performing masked solid-state diffusion processes for the fabrication of silicon solar cells. Wang et al. reported the use of a poly boron solution which was spincoated on a silicon surface as a dopant source for laser-doping [2] ; however it has been shown that very low laser speeds are required to achieve significant dopant incorporation from this dopant source [1, 7] . Furthermore, fumes generated due to laser scribing through the poly boron film may present a risk to human health [8] . Dielectric layers have also been previously investigated as dopant sources for a subsequent laser-doping process, with the advantage of this process being that the dielectric layer can passivate the surface outside of the laser-doped regions [9] [10] [11] [12] .
In this paper we report the use of anodic aluminium oxide (AAO) as a dopant source for laser-doping and in particular the formation of p + doped silicon regions. These layers, which can be formed by anodising aluminium over an intervening silicon dioxide or silicon nitride dielectric layer on a silicon wafer, have been shown to improve the effective minority carrier lifetime in silicon wafers [13] [14] [15] and may also impart enhanced light trapping for thin silicon solar cells due to their nanoporous structure [16] . Being able to also provide a source of aluminium to dope the underlying silicon and form p + regions for metal contacting purposes may make these layers useful multifunctional materials for future photovoltaic applications. In [14] , residual aluminium has been reported at the valley of pyramid and this residual aluminium could also contribute as a dopant source in laser-doping process. In 2 Journal of Nanomaterials the paper, we demonstrate laser-doping of silicon using the intrinsic aluminium of an AAO layer, metallic aluminium of the residual aluminium from anodisation process, and the extrinsic impurities incorporated in the anodic oxide layer by anodising the aluminium in different electrolytes. It has been previously shown that during anodisation, ions from the electrolyte can be trapped in the AAO layer [17, 18] . We show the incorporation of both boron and phosphorus into silicon by laser-doping through an AAO layer formed by anodising aluminium in boric acid (H 3 BO 3 ) and phosphoric acid (H 3 PO 4 ), respectively.
Experimental
Alkaline-textured Czochralski (Cz) boron-doped 1-3 Ω cm silicon wafer fragments of area ∼16 cm 2 were lightly diffused with phosphorus to an emitter sheet resistance of ∼100 Ω/◻. The residual phosphorus at the rear surface was removed by etching and 10 nm of SiO 2 was thermally grown on both surfaces. Silicon nitride was deposited using plasma-enhanced chemical vapour deposition (Roth and Rau AK400) to a thickness of 65 and 200 nm on the front and rear surfaces of the wafer fragments, respectively.
An aluminium layer of thickness 600 nm was thermally evaporated onto the rear SiN x surface of wafer fragments and anodised in an electrolyte comprising either (i) 0.5 M H 2 SO 4 at 25 V; (ii) 0.5 M H 2 SO 4 and 0.5 M H 3 BO 3 at 25 V; or in 0.5 M H 3 PO 4 at 37 V. Anodisation was performed as previously described by Lu et al. [13] . The anodisation rate when the electrolyte of 0.5 M H 3 PO 4 was used is much slower than when it was anodized in 0.5 M H 2 SO 4 ; therefore, the anodisation voltage for the electrolyte of 0.5 M H 3 PO 4 was increased to maintain a similar anodisation time. A dopant layer of poly boron source (PBF1; manufactured by FILMTRONICS) was applied to the remaining wafers by spin-coating at 2000 rpm for 30 s and then heating at 200 ∘ C for 13 min. Regions of area 2 cm × 2 cm were laser-doped through either the spin-coated layer of poly boron source or the AAO layer by scribing lines spaced 20 m apart as laser beam diameter (1/e 2 ) (=20 m) was used by a 532 nm laser at a speed of 500 mm/s and power of 15 W.
Exemplar lines were also laser-scribed through the different dopant sources for scanning electron microscope (SEM) imaging. The secondary ion mass spectrometry (SIMS) doping profiles of the laser-doped regions were measured using a Cameca ims4f with cesium (Cs + ) sputtering ions at voltage of 10 kV. Electrochemical capacitance voltage measurements were performed using a circular measuring area with a diameter of 3.57 mm. Finally, TEM cross-sectional images of the laser-doped regions were recorded to ascertain the structural properties of the laser-doped regions.
Results and Discussion
Figure 1(a) shows the SIMS profile of a region that was laserdoped through spin-coated poly boron dopant source. The profile shows the presence of both the B 10 and B 11 isotopes of boron, which have a natural abundance of 20% and 80%, respectively [19] . The boron from the poly boron solution is typically B 11 dominant [20] which may explain why the natural abundance ratio is not strictly observed in the profile. The boron from the spin-on source was incorporated in the silicon to a depth of 12 m; however the boron concentration is around 10 19 cm −3 only in the depth of 1 to 8 m.
Laser-doping offers the ability to selectively heat a region without heating the bulk of the Si wafer. Laser beams can generate sufficient heat to melt the Si. The wide range in laser power and wavelength enables patterning and melting of Si for different applications. Laser fluence (energy per unit area) which can be controlled by laser power and laser speed determines the thermal energy introduced into the Si; laser wavelength determines the penetration depth of the laser beam within the Si wafer. During laser-doping the silicon under the laser-irradiated region starts to melt at 1414 ∘ C and the molten front extends into the silicon. When the thermal energy is dissipated, recrystallisation of the molten silicon starts to occur [1, 21] . Impurities from both the applied dopant source and the SiN x layer are introduced into the molten region and diffuse down their concentration gradients in the melt. The process of impurity incorporation is further complicated by the existence of temperature gradients which sensitively depend on the laser energy profile and differences in the segregation coefficients of the impurities that are introduced into the molten silicon. As the laser-melted region cools the doped molten silicon recrystallises and impurities may continue to diffuse as the crystallised silicon cools further. Impurities that have larger diffusion coefficients in molten silicon are incorporated deeper in the silicon [1] with the incorporated impurity concentration being also determined to some extent by the impurity's segregation coefficient for silicon. The fact that boron was incorporated to a depth of 12 m in Figure 1 (a) implies that the molten silicon region extended at least that far into the silicon wafer. Figure 1 (b) shows the SIMS profile of a region laser-doped through an AAO layer which was formed by anodising a 600 nm aluminium layer which had been thermally evaporated on the SiN x surface of silicon wafer. Anodisation was performed at 25 V in an electrolyte comprising 0.5 M H 2 SO 4 and 0.5 M H 3 BO 3 . Aluminium was the dominant dopant introduced into the silicon during the laser-doping process, penetrating to a depth of 11 m, whereas the boron was only incorporated to a depth of 1 m. Note, due to the much lower boron concentration in this profile, only a B 11 signal was detected by SIMS. The difference in the incorporation depth of the aluminium and boron in Figure 1 (b) cannot be fully accounted for on the basis of their different diffusion coefficients in molten silicon (aluminium: 7.0 ± 3.1 × 10 −4 cm 2 s −1 compared to boron: 2.4 ± 0.7 × 10 −4 cm 2 s −1 [22] ). Kuhlmann et al. [23] report an enhancement in the solid-state diffusion of aluminium in the presence of boron by a factor of three. It was proposed that this enhancement was due to a supersaturation of self-interstitials caused by the presence of boron. It is interesting to speculate that similar diffusion-enhancement processes may exist for diffusion in molten silicon during laser-doping processes.
Dopant incorporation into silicon during laser-doping may also be affected by the segregation coefficient of the diffusing impurities. The segregation coefficient of boron in silicon at thermal equilibrium is 0.8 which is considerably larger than the corresponding value of 0.002 for aluminium [24] . If thermal equilibrium was approached during the laserdoping process, it would be expected that significantly more boron than aluminium would be incorporated in the recrystallised silicon. The fact that this was not observed suggests that laser-doping is not an equilibrium process even at the relatively slow processing speeds used in this study, and boron incorporation in the silicon was limited by its diffusion in the molten silicon. The effects of segregation between liquid and solid were considered to be relatively minor in the laser melting/recrystallization process, where large thermal and concentration gradients evolve over a rapid time frame, and they would be expected to vary during the recrystallization process. As has been previously noted, thermodynamic equilibrium segregation coefficients are only strictly correct for slow silicon growth rates in well stirred melts [25] . It could be argued that the higher surface concentration of boron in Figure 1 (a) compared to aluminium in Figure 1 (b) may be due to boron's higher segregation coefficient; however this is difficult to substantiate in the absence of accurate data for the effective dopant concentration at the surface prior to laserdoping as the properties of the poly boron film and AAO layer are so different. For comparison, Figure 1 (c) shows the SIMS profile of a similar region laser-doped through an AAO layer that was formed by anodising a 600 nm aluminium layer at 37 V in 0.5 M H 3 PO 4 . Although aluminium is incorporated in the silicon to approximately the same depth as the sample which was laser-doped through the AAO layer formed by aluminium anodisation in 0.5 M H 2 SO 4 and 0.5 M H 3 BO 3 (see Figure 1 (b)), its concentration is higher in the doped region indicating increased aluminium incorporation in silicon in the presence of phosphorus. Nagel et al. reported that solidstate diffusion of aluminium was enhanced in the presence of phosphorus due to field-assisted diffusion arising from aluminium diffusing as negatively charged ion and phosphorus diffusing as a positive ion-vacancy pair [23, 26] . Furthermore, the aluminium profile in Figure 1 (c) has a local minimum at 5 m. This is similar to the aluminium solid-state diffusion profile (in the presence of phosphorus) reported by Kuhlmann et al. [23] that can be explained by the up-hill migration of aluminium ions towards the surface caused by the electric field of the phosphorus profile.
A significantly higher level of phosphorus incorporation was observed in Figure 1 (c) compared to the boron incorporation in Figure 1(b) . This could be partly due to the higher anodisation voltage that was required for anodisation in the 0.5 M H 3 PO 4 electrolyte, as more impurities from the electrolyte may have become incorporated into the anodic film at higher voltages [17] . The concentration of boron and phosphorus incorporated within aluminium wires, evaporated aluminium film, and AAO was measured by dissolving aluminium wires, evaporated aluminium film, and AAO film in 3 : 1 solution of 37% (w/w) HCl (J. T. Baker) and 70% (w/w) HNO 3 (J. T. Baker) and analysing the solution by inductively coupled plasma-mass spectrometry (ICP-MS). The concentration of phosphorus within the AAO layer is more than 7 times larger than that of boron (2116 ppm to 15795 ppm) as a result of these particular anodisation conditions, which might result in a difference in surface concentration between boron and phosphorus. However, the increased phosphorus incorporation in silicon compared to boron may also be due to the larger diffusion coefficient of phosphorus (5.1 ± 1.7 × 10 −4 cm 2 s −1 ) [22] compared to boron in molten silicon.
The difference in the incorporation depth of the aluminium and boron in Figure 2 was assumed to be at least in part due to the larger diffusion coefficient of aluminium (7.0 ± 3.1×10 −4 cm 2 s −1 ) compared to boron (2.4 ± 0.7×10 −4 cm 2 s −1 ) in molten silicon [22] . To examine the role of the differing diffusion coefficients in molten Si, dopant profiles were calculated assuming a Gaussian diffusion profile, a surface dopant concentration of 10 21 that the measured dopant profiles cannot be fully explained by differences in the diffusion coefficients in molten silicon. Even when the surface concentration of boron and phosphorus was adjusted to the lower concentration implied by the ratio (open symbols in Figure 2 ), the modelling still does not explain the 3 order concentration differences between boron and phosphorus as shown in Figure 1 . In other words, the difference in the incorporation depth of the Al, phosphorus, and boron in Figure 2 cannot be fully accounted for on the basis of their different diffusion coefficients in molten silicon. However, the laser-doped lines might slightly overlap to each other to create a laser-doped square for SIMS measurement. With this laser-doping condition, it is highly possible that the silicon remains in a molten state longer than simulated time used in Figure 2 . The solidification time of the molten silicon can be very different at 5 m and the surface.
Although Figure 1 demonstrates that both intrinsic (e.g., aluminium) and extrinsic (e.g., boron and phosphorus) impurities in AAO layers can be incorporated into silicon, device performance requires that the introduced dopants are also electrically active. Figure 3 whereas this dopant concentration was only achieved over the first 300 nm of the region laser-doped through the poly boron spin-on source. As discussed previously, the greater amount of p-type dopant is being incorporated through melting results from laser-doping through the AAO. This is primarily due to aluminium's larger diffusion coefficient. Consequently, when laser-doping uses the same laser speed and power, more aluminum can diffuse into the silicon and diffuses further from the surface than the introduced boron. Although the laser-doping conditions were identical for both samples, the thermal energy absorbed by the silicon would have been different because the reflectance of the AAO layer at 532 nm was much higher than measured for 200 nm of SiN x , consequently less laser power would have been less into the AAOcoated silicon. Figure 4 shows SEM top-view images of lines laser-doped through the poly boron spin-on source (Figure 4(a) ), through an AAO layer formed by anodising aluminium in 0.5 M H 2 SO 4 (Figure 4(b) ), and through an AAO layer formed by anodising aluminium at 25 V in an electrolyte comprising 0.5 M H 2 SO 4 and 0.5 M H 3 BO 3 (Figure 4(c) ). All the lines were laser-doped using a laser speed of 500 mm/s and power of 15 W. Large "holes" are evident along the line laser-doped through the poly boron spin-on source, whereas the lines which were laser-doped through AAO layers were smooth and free of holes. Sugianto also observed "holes" after laserdoping through the same poly boron dopant source and attributed them to trapped gas impurities which vent at the surface. She showed that the size and density of holes decreased when the laser scan speed was increased supporting the theory that reduced impurity incorporation occurs at faster laser speeds [21] . It is also notable that the line that was laser-doped through the poly boron spin-on source appears raised above the textured silicon nitride surface. This is quite different morphologically from the lines laser-doped through AAO layers where the level of the line lies below the surface of the dielectric layer.
Given the surface manifestation of laser-doping defects in Figure 5 (a), transmission electron microscopy (TEM) crosssectional images and energy dispersive X-ray (EDX) mapping images were used to investigate whether further evidence of gas generation or other defects could be detected below the surface of the laser-doped regions. Figure 5 shows TEM and corresponding EDX images of regions which were laserdoped through boron spin-on dopant source (Figures 5(a) and 5(c)) and through an AAO layer formed by anodisation of aluminium in 0.5 M H 2 SO 4 at 25 V (Figures 5(b) and 5(d) ). Both lines were formed using a laser speed of 500 mm/s and power of 15 W. A large void, which was ∼2 m in length, is evident in Figure 5 (a) confirming that voids are also formed in the laser-doped silicon and not just on the surface. If these voids are fully contained within the laser-doped p + silicon, then their electrical impact will be minor as the electron concentration is low in these regions and consequently recombination associated with the defects will be minimal. However if the voids result in crystal stress, then it is possible that crystal defects (e.g., dislocations) may be propagated into the bulk of the wafer. In comparison the laser-doped silicon region in Figure 4 (b) is free of voids and crystal structure defects. The AAO layer is only partially ablated by the laserscribing and the residue of the layer retains a network of pores.
The EDX image in Figure 5 (c) depicts the laser-doped region in Figure 5 (a) and indicates low levels of boron (blue) incorporation in the laser-doped silicon region. Boron is difficult to detect using EDX when the window of the detector crystal is composed of beryllium because the X-ray signal is attenuated if the element is lighter than sodium. Since this was the case for these analyses, boron identification in the EDX maps in Figure 5 may not be reliable. The EDX image in Figure 5 (d) depicts the laser-doped region in Figure 5 (b). Large regions of aluminium (red) can be seen in the silicon showing that the dopant has not been uniformly incorporated into the silicon lattice. The nonuniform aluminium incorporation may be accentuated by the method of scribing multiple adjacent laser lines to form a square region for analysis; however it is interesting to note the boron-doping in Figure 5 (c) appeared more uniform.
In both samples a layer rich in oxygen forms at the surface of the laser-doped region. In the case of the sample that was laser-doped through the AAO layer the layer appears of uniform thickness and ∼50 nm in thickness. It may comprise residual oxide from the dielectric stack that has become segregated to the surface of the laser-doped region or it may also form due to molten silicon reacting with oxygen from the ambient. The ramifications of this are that before metal contacting can be achieved deglazing will be necessary.
Conclusions
This paper demonstrates that aluminium can be introduced into silicon to form localised p + surface regions by laserdoping through an AAO layer formed on the silicon surface. The introduced aluminium can penetrate the silicon at least 10 m from the surface with the laser-doping conditions used, and unlike laser-doping through a poly boron spin-coated layer the concentration of electrically active p-type dopant exceeds 1 × 10 20 cm −3 for the first 6-7 m of the p + region. A heavy doped p + region can be formed by laser scribed through boron-doped AAO which was formed by anodizing aluminium in the mixture of 0.5 M H 2 SO 4 and 0.5 M H 3 BO 3 at 25 V. The higher dopant concentration in the p + regions, which occurs most likely because aluminium diffuses ∼ three times faster than boron in molten silicon, can result in more effective shielding of minority carriers from the silicon surface and hence improved device performance. The anodic oxide layers can be doped with other impurities (e.g., boron and phosphorus) by anodising aluminium in electrolytes containing the extrinsic impurities in ionic form. The ions become trapped in the formed AAO layer during anodisation, therefore enabling the impurity to be introduced into the silicon, with aluminium, during laser-doping. This codoping process can be used to create very heavily doped surface layers which can reduce contact resistance on metallisation, whilst the deeper doping achieved by the intrinsic aluminium may act more to shield the surface from minority carriers.
It is concluded that laser-doping through AAO layers may be a useful way of forming localised p + regions in p-type silicon solar cells. The process can result in more heavily doped p + regions than the previously described method of laserdoping through a poly boron source. Furthermore, it can be performed without introducing defects in the silicon or fumes which may be harmful to human health. If AAO layers can be used in this way to create local p + regions, whilst also enabling high carrier lifetimes and therefore cell voltages, they may represent a multifunctional material for silicon solar cell passivation and contact formation.
